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The results also indicated that the CAM method was faster but predicted a higher peak 36 impact force and more dissipated energy in the ice block than the FSI method did. ALE method to compare the wave length with the data used for calibration. However, the ship 143 and the ice were treated as rigid bodies in the collision model, which decrease the reality and 144 accuracy with respect to prediction of structural damage. Gagnon and Derradji [25] conducted 145 an ALE simulation of a ship colliding with bergy bits. It showed a good agreement with the 146 experiment in the sway motion. Gagnon and Wang [26] performed the numerical simulations 147 of a collision between a bergy bit and a tanker using ALE formulation to incorporate 148 hydrodynamics. Load measurements from the lab tests compared reasonably well with 149 estimates from the simulation. However, the validation for the case of FSI analysis of ice-150 structure collision remains a topic of active research. 151
There are serval limitations for the ALE method in LS-DYNA: 152 1. It is predominantly applicable to laminar flow. Also, the ALE solver is not a full 153
Navier-Stokes solver and thus does not account for fluid boundary layer effects such as drag. 154
Effects of fluid viscosity derive solely via the material model [ ]. 155
2. It computes the coupling force using a penalty method, i.e., the force is always a 156 function of the displacement. While in reality, the added mass is in phase with acceleration or 157 deceleration. 158 3. This fully coupled ALE method requires considerable modelling efforts and large 159 computation resources. 160 
Experimental data 165
This section reports the experimental data that are used for validation and to test the 166 effectiveness of the CAM and FSI methods. Data collected from ice-structure indentation and 167 impact tests are considered. Pressure-area data from laboratory and in-situ tests on freshwater 168 ice at constant and variable indentation speeds are used to quantify the degree to which the ice 169 model accurately represents the failure process of ice during a collision. The results of 170 laboratory experiments on collisions between ice and a movable steel structure are used to 171 verify the FSI technique and to quantify the confidence in and predictive accuracy of the FSI 172 and CAM methods. 173
Ice indentation and impact data 174
Indentation and impact tests provide force-time plots that are converted to pressure-175 area data. Figure 1 presents the pressure-area data collected using freshwater laboratory-176 grown granular ice (see [3] and [18] [19] [20] ) and natural iceberg ice [21] on millimetre and metre 177 scales. Using a lower bound estimate of these experimental data from freshwater granular ice, 178 an empirical pressure-area relationship ( = 0.35 −0.5 ) was determined (see Figure 1 ). This 179 relationship serve as a basis for building credibility in the constitutive model of ice and for 180 validating the input parameters for ice. In the interest of clarity, we limit ourselves to the tests 181 in which the ice exhibited characteristics of brittle compressive failure such as radial cracks, 182 spalling, saw-tooth loading, etc. The hydrostatic pressure was simulated using the procedure described by Day [22] . 243
The air and water were modelled using eight-node solid elements with a one point ALE multi-244 material element formulation (by tracking the interface of the two materials within each 245 element). The mesh size for the air and water was100 mm × 100 mm × 100 mm. The ice 246 block and floater were discretized using Lagrangian-based finite element formulations, i.e., 247 eight-node solid elements with reduced integration for the ice and four-node Belyscho-Tsay 248 shell elements with 5 integration points along the thickness for the floater. The mesh size for 249 the ice block was approximately 12 mm × 12 mm × 12 mm. To reduce the computation time, 250 the rear half of the ice block was meshed with rigid brick elements because it was relatively 251 far from the impact area. The floater was meshed with an element size of 30 mm. 252
The Lagrangian mesh was allowed to overlap the ALE mesh and the two meshes 253 interacted according to LS-DYNA's coupling algorithm [23] . This coupling served to 254 generate forces that resisted penetration of the ALE mesh into the Lagrangian mesh. 255
To avoid numerical errors caused by overlapping meshes, we ensured that the water 256 was removed from the volume that was occupied by the objects when the ice block model and 257 the floater model were added to the LS-DYNA k-file. 258
The ice block travelled through a distance of 1.0 m to allow a head wave to develop 259 before the collision; this avoided having it traverse an overly large volume of water, which 260 would have necessarily increased the simulation time substantially. The contact between the 261 ice block and the plate was implemented using a contact-eroding surface-to-surface 262 formulation, which was used with the segment-based contact option (soft=2). The contact 263 force between them was contained in the 'rcforc' file produced by using a database-rcforc 264 command. The self-contact of the ice component was implemented using the contact-eroding 265 single-surface formulation with a static coefficient of friction of 0.15. 266
The behaviour of the ice (except for the rigid part) was modelled using the elliptic 267 yield criterion and the strain-based pressure-dependent failure criterion for freshwater 268 granular ice implemented by Liu et al. [24] . The model is dependent on the hydrostatic 269 pressure, and thereby the triaxial loading state of the ice. A Tsai-Wu yield surface was fitted 270 to experimental data sets. The yield surface is a function of both the second invariant of the 271 deviatoric stress tensor 2 and the hydrostatic pressure p as 272
273 with coefficients 0 , 1 and 2 . When an element reaches plasticity in compression, it 274 follows the yield surface until failure. Due to low tension capacity of ice, an element is 275 removed by erosion if the tensile stress surpass 2 MPa. For compressive stress-states, failure 276 by element erosion was activated if the equivalent plastic strain (compressive) reaches the 277 failure curve , defined by 278
In which 0 is the initial failure strain and 2 is the larger root of the yield function 280 (Eq.1). The Tsai-Wu criterion is plotted in Figure 5 . This failure criterion is based on trial and 281 error and is purely empirical. For details, please refer to work by Liu et al. [24] . 
293 where is the equivalent plastic strain at the plateau exit and denotes the initial 294 yield stress, K is strength index, n is the strain hardening index. The strain 0 at the 295 intersection of the plateau and power law expression, ( , ) is given by the following 296 expression: 297
The RTCL damage criterion was employed. Detailed information can be found in the 299 paper by Also et al.[ ].The material parameters used for the ice block and the floater are listed 300 in Table 2 . 301 
Verification of the material model of ice 304
Because small changes in the ice input data may cause significant changes in the outcome in 305 terms of structural deformations and energy dissipation [24] , it is essential to verify that the 306 material model of ice is capable of predicting a reasonable pressure-area relationship that is in 307 agreement with the experimental data for freshwater ice (in Section 3.1). 308
A numerical simulation of a collision between the freshwater ice block and a rigid 309 plate was performed. The ice's geometry and material parameters were the same as those used 310 in the FSI-based simulation described in Section 4.1. The frequency-dependent added mass of each object was found using the following 339 procedure: the geometry of each object was the same as it was in the test, and the material 340 was assumed to be rigid. The densities were adjusted to obtain the draft used in the test. The 341 objects swayed freely and were restrained in all other DOFs. Each object was made to 342 oscillate by applying a harmonic sway force history (in the y-direction) (see Figure 7) . Using 343 the time histories for the acceleration and displacement of the floater and the ice block, the 344 added mass was calculated for a range of frequencies between 12 and 50 rad/s, which were 345 considered representative of the impact situation. 346
The harmonic excitation force was applied for five periods for each frequency. The 347 frequency-dependent added mass was found using Eq. 1, which applies when the 348 displacement reaches a maximum, the velocity of the object is zero, and the only contribution 349 to the dynamic equilibrium is the inertial force. 350 The numerical model is shown in Figure 16 . The material parameters of the floater 453 and the ice block were the same as they were in Section 4.1 except for the density. To 454 maintain the correct energy dissipation, the density of the panel and the front half of the ice 455
were the same as they were in the FSI-based simulations; only the densities of the remaining 456 parts were changed to take the added mass contributions into account. To avoid changing the 457 effect of the element size on the collision response, the size of the elements of both the floater 458 and the ice block were the same as they were in the FSI-based simulation. The total number of 459 elements was much lower in the CAM-based simulation than in the FSI-based simulation due 460 to the absence of water and air. The ice block was meshed with 8-node solid elements with 461 reduced integration and stiffness-based hourglass control, and the floater was meshed with 4-462 node shell elements. No gravity was applied to the elements in this simulation. The contact 463 between the ice block and the panel and the self-contact of the ice component were 464 implemented the same manner as they were in the FSI-based simulation.
Because the velocities of the ice block and the floater before the impact were changed 466 as a result of the bow wave effect, the case with the "true" velocities at the instant of impact 467 was also investigated. In this case, the velocities of the ice block and the floater were assumed 468 to be 1.8 m/s and 0.1 m/s, respectively, as estimated using the HSV of the test. after the 22 milliseconds (see Figure 18) , it is clear that the peaks in the results of the CAM-516 based simulation are significant higher than those in the results of the test. Moreover, in the 517 CAM-based simulation the oscillation period is much smaller than in water, especially during 518 the initial part of the shown evolution. These differences are due to the neglect of the dynamic 519 interactions between the water, the ice block and the floater in the CAM method. 520 Figure 18 . Acceleration of the floater wall with the DMU on it from two simulations and test. 522
523
In short, the FSI method with verified ice and water models can provide more realistic 524 and reliable predictions of the collision response of the floater wall with the DMU on it as far 525 as sway accelerations are concerned than the CAM method. However, it has a lower 526 computational efficiency than the CAM method because more elements are added to the 527 model. The details of this will be discussed later. The increased accuracy is due to the better 528 approximation of the hydrodynamic effects during the collision, and the decreased 529 computational efficiency is due to the demands of numerically solving for the fluid's motion. 
CAM results
energy dissipation in the CAM-based simulation before contact took place. These 556 energy-dissipation effects continued to happen in the FSI-based simulation, even after 557 ice-floater contact initiates, right up until the ice penetration reached its maximum 558 value. 559
• Due to the hydrodynamic interaction between the bodies, the sway added mass may 560 differ from that calculated for the bodies separately for infinite high frequency. 
In summary, by comparing the results of the FSI-and CAM-based simulations 571 (described in Sections 3 and 4), it is concluded that the surrounding water has a noteworthy 572 effect on the motions of the ice block and the floater when they are close and therefore, 573 affects the collision response of the floater, the contact force history and the energy 574 dissipation. 575
CPU time 576
The number of elements and the timing information from the two methods are presented in 577 Table 3 . The total number of elements was 40% greater in the FSI-based simulation than it 578 was in the CAM-based simulation. The calculation time and the total CPU time were one 579 order of magnitude larger in the FSI-based simulation. This shows that the CAM method sped 580 up the calculation significantly. 581
It is noted that workstations with larger numbers of CPUs are currently available. In 582 addition, massively parallel processing (MPP) is a type of computing available for LS-DYNA 583 that uses many separate CPUs running in parallel. Each CPU has its own memory and 584 executes a single analysis. Consequently, simulations such as the present two can be run in 585 much shorter time periods. Therefore, the CPU times given in the table should only be 586 considered comparative values; they are not absolute. 587 absolute. The reason is that the simulations can run in much shorter time if a workstation with 590 more CPUs and/or massively parallel processing (MPP) solvers are used. 591
Discussion 593
The objective was to compare the CAM and FSI methods. To do so, we used the FSI and 594
